Abstract-We present here a new process for fabricating polymeric electrodes based on a composite solution of conductive polyaniline (PANI) particles and multiwalled carbon nanotubes (MWCNTs) using an optically induced electrokinetics (OEK) chip. Based on this method:1) polymeric electrodes with different geometric sizes can be fabricated within 1-3 min by projecting digitally generated images into an OEK chip; 2) polymeric electrodes with different electrical conductivities can be fabricated from composite solutions with different MWCNT concentrations; and 3) fabricated polymeric electrodes are used to assemble MWCNTs sensing elements via dielectrophoresis (DEP) and used for detecting ethanol. The electrical conductivity of these nanomaterial-based polymeric electrodes and the DEP-assembled sensor is analyzed before, during, and after exposure to ethanol. In summary, digitally controlled electrokinetics is demonstrated to be a novel method for rapidly fabricating polymeric sensing electrodes.
extensively potential applications due to their desirable chemical, electrical, and mechanical properties. For example, conductive polymer-based thin films have good chemical adsorption capacity, large surface area to volume ratio, and high sensitivity to many kinds of gaseous molecules. These properties endow them great promise for developing miniaturized electrochemical sensors used in environmental pollution monitoring, industrial emission detection, medical diagnostics, agricultural monitoring, or detections in aerospace systems [1] , [2] . Furthermore, conductive polymers have extensive uses in bioelectronics, such as a matrix for trapping enzymes in a biosensor, or a transducer to translate biological information into an electrical signal with greatly improved detection sensitivity [3] . As a kind of soft material, conducting polymers offer good compatibility with cells and tissues. They can provide physical templates for cell growth and tissue repair and have potential applications for drug delivery in vivo [4] , [5] . Besides, the conducting polymers have been extensively used for fabricating inexpensive, flexible, and lightweight organic electronics such as large-area arrays of organic light emitting diodes, organic thin-film transistors, organic solar cells, and organic memory devices [6] , [7] . Among these various conducting polymers, conductive polyaniline (PANI) is the most outstanding due to its low cost, excellent conductivity, and environmental stability.
Multiwalled CNTs (MWCNTs) are another popular material used for fabricating low cost microelectronic devices due to their unique structural, mechanical, electronic, and thermal properties [8] , [9] . Compared with pure conductive polymers or CNTs alone, conducting polymer/CNT composite materials have been demonstrated to have better properties. For example, addition of MWCNTs can improve the mechanical strength of the conductive polymer. Also, combining with a conducting polymer can diversify the applications of the MWCNTs [10] , [11] .
Due to the abundant applications of conductive polymer/CNT composites, an efficient and controllable microfabrication technique is essential for fabricating practical devices based on these composite materials. Currently, there are many fabrication methods used for patterning polymer/CNT composites, such as photolithography, capillary molds, microcontact printing, microtransfer imprinting, and inkjet printing [12] [13] [14] . But each of these methods has self-limitations. For example, methods based on photolithography contain complicated multistep processes requiring costly tools and a cleanroom environment. Other methods such as capillary molds, microcontact, and microtransfer require prefabricated molds that also need complex fabrication processes. Besides, in these mold-based methods, the molds need a specific surface free energy and the polymer solution Table I .
In order to address these drawbacks, we report here a new technique for fabricating conductive polymeric electrodes based on a PANI/MWCNT composite utilizing an optically induced electrokinetics (OEK) chip. This technology enables the rapid fabrication of polymeric electrodes with customizable geometries, without the use of any physical molds. Since computergenerated images are projected into an OEK chip to induce localized electrokinetics forces (see Fig. 1 ), we will refer to this method as "digitally controlled electrokinetics" (DCE) in this paper. Rudimentary results of this work were reported in a conference paper [15] . Here, we provide more detailed and extensive experimental data for fabricating conductive electrodes using the DCE technique, and also present numerical simulation results to validate the proper frequency bandwidth required for generating the appropriate optically induced electrophoretic force. Microfabrication and manipulation using OEK chips is a recent innovation, which was first reported by Chiou et al., in 2005 [16] . OEK devices can realize parallel, yet individualized and selective manipulation of microparticles so that basic operations such as the manipulation of cells [17] [18] [19] , separation of microparticles [20] , and fabrication of microstructures [21] can be rapidly performed.
In this paper, we theoretically analyze the mechanisms enabling fabrication of conducting polymeric electrodes using DCE. Various electrokinetic forces can be exerted on particles in an OEK chip, including optically induced dielectrophoresis (ODEP) force, ac electroosmosis (ACEO) force, and ac electrothermal (ACET) force-these forces are estimated using a finite element software (FEM) package (Multiphysics, COM-SOL AB, Sweden) in order to select the proper input frequency bandwidth to generate sufficient force. In addition, polymeric electrodes with different conductivities are fabricated by changing the MWCNT ratio in the PANI/MWCNT solutions. The capability of these polymeric electrodes to be assembled into a sensor is also demonstrated in this paper.
II. EXPERIMENTAL SYSTEM
The experimental system is shown in Fig. 1 . The image acquisition module of this system consists of a charged coupled device (CCD; DH-SV1411FC, DaHeng Image, China), a microscope (Zoom 160, OPTEM, USA) and a computer equipped with an image acquisition card. The microscope is fixed over the OEK chip to monitor the manipulation process in real time. The digital pattern generating module consists of a computer equipped with commercial graphics software (Microsoft PowerPoint or Adobe Flash), an LCD presentation projector (VPL-F400X, Sony, Japan), and a condenser objective (CF Plan 50 × /0.55 EPI ELWD, Nikon, Japan). A series of programmable light patterns generated by the software are projected onto the hydrogenated amorphous silicon (a-Si:H) film through the condenser objective. A three-dimensional adjustable platform is used to hold the OEK chip and to automatically control the motion in the chip.
An OEK chip is assembled from two pieces of specially prepared glass substrates. The top is a glass (3 cm × 3 cm) coated with an indium tin oxide (ITO) thin film. The bottom is an ITO glass, which has an additional 1 μm thick layer of a-Si:H deposited on the ITO using a plasma enhanced chemical vapor deposition (PECVD) process. The top and bottom glass substrates are encapsulated using a double-sided adhesive tape or a PDMS spacer to create a microfluidic channel with a height of 60 μm into which the PANI/MWCNTs composites solution can be injected. An ac voltage generated from a signal generator (Agilent 33522 A, USA) is applied between the top and bottom ITO films. When there is an incident light illuminating the photoconductive a-Si:H film of the OEK chip, the conductivity of the illuminated a-Si:H will increase by several orders of magnitude, from 10 −11 S/m to approximately 10 −5 S/m due to the photogeneration of electron-hole pairs. This change in conductivity shifts the voltage in the fluid layer. However, the conductivity of the a-Si:H film that is not illuminated is still 10 −11 S/m. Thus, the areas of the a-Si:H that are illuminated by the projected light patterns will act as a locally conductive electrodes and generate a nonuniform electric field in the solution [40] . This means that these virtual electrodes are customizable by controlling the digitally generated light patterns. The existence of this nonuniform electric field in the solution induces various forces on particles in the medium and results in a net motion. These forces are known as electrokinetic forces, which include DEP, ACEO and ACET forces.
III. MATERIALS AND METHODS

A. Materials
A PANI solution and a MWCNT solution are used to prepare the composite solutions. The properties of the original PANI and MWCNT solutions are shown in Table II . The composite solutions with different ratios are prepared according to the following steps: (1) dilute the original PANI solution with deionized (DI) water in a ratio of 1: 50 by volume, respectively, and then sonicate this diluted solution for 100 min to ensure that the PANI particles are dispersed uniformly in the solution. This diluted PANI solution is referred to as Solution_A. (2) Prepare Solution_B, Solution_C, and Solution_D by adding 10, 20, and 30 μL of the original MWCNT solution, respectively, into three 1 mL aliquots of Solution_A. Then, each of these solutions is sonicated for 5 min to ensure the PANI and MWCNTs are mixed uniformly and well dispersed. The resulting solutions all have a conductivity of 1.3 × 10 −1 S/m (measured using a Cond 3110, Germany). A diluted solution of MWCNTs, referred to as Solution_E is used to assemble the sensor element using DEP techniques. This solution is obtained by mixing the original MWCNT solution with DI water in a ratio of 1:100 by volume. The properties of all these solutions are given in Table III .
B. Methods
The fabrication process for polymeric electrodes is described in detail in our previous report [15] . A series of electrode-like light patterns are projected onto the a-Si:H film so that the illuminated area becomes localized, virtual electrodes. These virtual electrodes will generate a nonuniform electric field in the solution when an ac voltage is applied between the two ITO glass substrates. Due to the existence of the nonuniform electric field, PANI particles and MWCNTs will become polarized and affected by a positive DEP force. Furthermore, the movement of the fluid induced by ACEO also causes the suspended particles in solution to move and to be deposited on the virtual, localized electrodes. The deposition process that forms the polymeric electrodes is shown in Fig. 2 . The applied ac signal is 20 V pp and with a frequency ranging from 20 to 30 kHz. Fig. 2 reveals that the particles are moving towards the virtual electrodes that are defined by the projected light patterns and are deposited rapidly to become a pair of polymeric electrodes matching the shape of the light patterns. After fabricating the electrodes in solution, the top and bottom ITO glass substrates of the OEK chip are separated and the excess solution is washed away. The electrodes are dried in air, sealed, and stored for later applications. As shown in Fig. 3 , the SEM pictures indicate the electrodes patterned on the OEK chip are uniform and have clearly defined features.
To demonstrate that these polymeric microelectrodes can be used to assemble nano-sensors, an alcohol sensor based on MWCNTs is designed and fabricated in this study. The polymeric microelectrodes are used to generate DEP force, which are, in turn, used to assemble the MWCNT-based sensor. This process is illustrated in Fig. 4 . An OEK chip with polymeric electrodes is positioned on an analytical probe station (Everbeing DB-8, Taiwan). Two tungsten probes are brought into contact with the pair of polymeric electrodes. The gap between the two polymeric electrodes is less than 10 μm. A drop of Solution_E (10 μL) is pipetted onto the gap, and then an ac signal with an amplitude of 10 V pp , at a frequency of 30 kHz (generated by an Agilent 33522 A, USA) is applied on the polymeric electrodes via the tungsten probes. The electrical resistance of the polymeric electrodes can be ignored compared to the resistance of the MWCNTs solution. Thus, most of the applied voltage difference will be across the solution droplet that spans the electrode gap. As shown in Fig. 4 , similar to the process of assembling chains of MWCNTs via the DEP force using normal metal microelectrodes [2] , when manipulating MWCNTs using polymeric electrodes, the MWCNTs in the solution will be deposited across the gap due to the DEP force. After assembling a continuous chain of MWCNTs, a sensor device has been fabricated. As shown in Fig. 5 , the MWCNTs are designed to work as a sensor element and the polymeric electrodes are designed to monitor the electric signal change when the sensor elements are exposed to the target analytes.
IV. RESULTS AND DISCUSSION
A. Theoretical Analysis
As mentioned earlier, when using an OEK chip, there are several forces exerted on microparticles simultaneously. In order to theoretically analyze the effects of the dominant forces, which could include ODEP, ACEO, ACET, and Brownian motion, on the fabrication process of the polymeric electrodes, we use a commercial finite-element method (FEM) software package (Multiphysics, COMSOL AB, Sweden). The simulation details, including the software modules, mesh geometries, and the corresponding boundary and initial condition variables are identical to those used in our prior work [20] . However, the values of these variables are consistent with the experimental parameters used in this paper. Specifically, the applied voltage is 20 V pp (with the applied frequency a part of the parametric analysis); the conductivities of all the polymer solution is 1.3 × 10 −1 S/m, the conductivity of the amorphous silicon with incident illumination is 4 × 10 −5 S/m, and the dark conductivity of the amorphous silicon is 1 × 10 −11 S/m (these data were measured using a Keithley 2410 Source Meter); the relative dielectric constant of the liquid and the a-Si:H is 78 and 11, respectively.
In addition, the magnitudes of these forces exerted on the PANI particles are calculated based on the governing equations shown in Table IV . In Fig. 6 , curves of the magnitude of the different forces as a function of frequency are plotted, when the conductivity of the composite solution is 0.13 S/m and the applied voltage is 20 V pp . The scale used in the simulations is consistent with the size of the experimentally fabricated polymer electrodes. The length of the light pattern is 150 μm, and the width of the light pattern is about 30 μm. As shown in Fig. 6 , the Brownian motion remains constant around 0.1 pN and is larger than the ACEO force when the frequency is over 100 kHz. This indicates that, at high frequencies, the conductive particles cannot be moved towards the illuminated areas by the ACEO and ODEP forces. Under our experimental conditions, this FEM result also shows that the ACEO force dominates when fabricating the polymeric electrodes and the effects of the ODEP force and the ACET force are negligible when compared with the ACEO force. To the trend in the ACEO force curve, the magnitude of the ACEO force decreases sharply as the frequency increases in the range from 10 kHz to 1 MHz. This trend also indicates that the speed at which polymeric electrodes can be fabricated will decrease as the frequency of applied signal increases. Based on the FEM simulation, the directions of the induced particle motions by the ACEO force are analyzed. In order to display the direction and distribution of the calculated forces clearly and simply, a standard geometry is used to represent a twodimensional model of the OEK chip. Simulation results have demonstrated that the size of the projected light pattern only affects the magnitude of the forces, but does not affect the direction or the distribution of the forces. As shown in Fig. 7 , the length of the light pattern used in the simulation model is 50 μm, the gap between two light patterns is 10 μm, and the height of the solution is 60 μm. The white arrows in Fig. 7 represent the direction of the PANI particles and MWCNT particles induced by the ACEO force. The arrows show that the particles move from the edge of the light patterns into the center of the patterns to form polymeric microstructures. The surface colors of the figure represent the magnitudes of the velocity distribution of the particle motions induced by the ACEO force. It indicates that particles move faster when near the edges of the light pattern than at the center of the patterns.
These simulation results are consistent with our observed experimental phenomenon. In our experiments, we find that the velocity of the PANI/MWCNTs particles is sensitive to the frequency of the applied ac signal. As shown in Table V , when the frequency is less than 20 kHz, the solution is easily electrolyzed and generates gas bubbles. Furthermore, the particles of PANI and MWCNTs will move too quickly to pattern uniform and continuous electrodes. When the frequency is 20-30 kHz, uniform polymeric electrodes can be assembled in only several minutes. However, when the frequency is above 30 kHz, the velocities of the PANI and MWCNT particles are too slow to deposit a continuous structure within several minutes.
B. Resistance Dependence on the MWCNT Concentration
In this study, PANI solutions with four different MWCNTs concentrations are used to fabricate the same sized polymer electrodes. Herein, all the electrodes are patterned with a length of 150 μm, a width of 30 μm, and a height of about 2 μm (exposed for 60 s under the same experimental conditions). Electrodes are patterned using four different solutions. Afterwards, the results from using Solution_A, Solution_B, Solution_C, and Solution_D are imaged with SEM. Fig. 8(a) is a SEM picture of an electrode fabricated using Solution_A. This result exhibits no MWCNTs in the electrode and the PANI particles are connected continuously. Fig. 8(b) , (c), and (d) are SEM images of the electrodes resulting from using Solution_B, Solution_C, and Solution_D, respectively. These figures show that in the polymeric electrodes, the PANI particles and the MWCNTs are mixed uniformly. The increased concentration of MWCNTs in these solutions results in an increased concentration of MWCNTs in the fabricated electrodes.
In addition, the resistance of the electrodes with different MWCNTs concentrations is measured using a semiconductor parameter analyzer (Agilent 4155 C/D, USA) and an analytical probe station (Everbeing DB-8, Taiwan). As shown in Fig. 9 , Fig. 9 . Resistance of polymeric electrodes patterned using solutions with different concentrations of MWCNTs. The length of each electrode is about 150 μm, the width is about 30 μm, and the height is about 2 μm.
the resistance of the electrodes decreases with an increase in MWCNTs concentration in solution. Consistently, the results demonstrate that the conductivity of the polymeric electrodes increases with an increase in the MWCNTs content in the solution. Thus, it is possible to obtain polymeric electrodes with different conductivities utilizing an OEK chip by controlling the concentration of the MWCNTs solution.
C. Polymeric Sensor for Detecting Alcohol
A polymeric sensor for detecting alcohol (ethanol) is assembled using the polymeric electrodes on the OEK chip. In this application, MWCNTs are designed to bridge the gap between the polymer electrodes and work as the sensing elements for detecting the presence of ethanol. When MWCNTs are exposed to ethanol (denatured ethyl alcohol 99% v/v), bonding between the alcohol groups and MWCNTs can increase the resistance of the MWCNTs. This mechanism can be used for detecting the presence of alcohols. Bundles of MWCNTs are assembled across the gap between the polymer electrodes using the DEP force. However, because of the presence of the MWCNTs also in the PANI/MWCNT electrodes, the electrodes themselves also may have a measureable response to alcohols. Thus, in order to demonstrate the potential use of the polymeric electrodes in fabricating a practical sensor, it is necessary to investigate the sensitivity to alcohol of both MWCNTs in the gap and in the polymeric electrodes.
The effect of ethanol on the change in electrode (formed using different PANI/MWCNT solutions) resistances has been analyzed by obtaining I/V curves of these electrodes operating under different conditions, using a semiconductor parameter analyzer. As shown in Fig. 9 , I/V curves of electrodes fabricated using Solution_D are plotted. The red, black, and green I/V curves represent situations where there is no ethanol present, immediately after exposure to ethanol, and 10 s after alcohol exposure, respectively. The ethanol completely evaporates within 10 s. As previously mentioned, the polymeric electrodes are based on Solution_D, and MWCNTs are used to assemble the alcohol sensor (as shown in Fig. 5 ). I/V curves of this sensor type under the three aforementioned different operating conditions are also detailed in Fig. 10 . From the figures, both the Fig. 10 . I/V curves of a polymeric electrode patterned using Solution_D. The length of the electrode is about 150 μm, the width is about 30 μm and the height is about 2 μm. The "Original Curve," "Response Curve," and "Recovery Curve" represent the resistance of the polymeric electrodes in the conditions with no ethanol, immediately after exposure to ethanol, and 10 s after exposure to ethanol when the alcohol has completely evaporated, respectively. MWCNTs-based sensor and the polymeric electrodes have linear I/V curves before exposure to ethanol. However, the I/V curve of the sensor immediately after exposure to ethanol reveals nonlinear properties similar to a semiconductor. The response to ethanol exposure of the other electrodes patterned using the other three different PANI/MWCNTs solutions is also analyzed via their experimentally obtained I/V curves (see Fig. 11 ).
As shown in Fig. 12 , the resistance of all the different types of electrodes is calculated. "Electrode_A," "Electrode_B," "Electrode_C," and "Electrode_D" show the effect of ethanol exposure on the resistance of a single electrode patterned using Solution_A, Solution_B, Solution_C, and Solution_D, respectively. It seems that with the increase in the concentration of MWCNTs in the polymer electrodes, the ethanol exposure has larger effect on their resistance. The last category in Fig. 12 , the "Sensor" illustrates how ethanol affects the resistance of a sensor fabricated from a pair of electrodes using Solution_D, Fig. 12 . Effect of ethanol exposure on the resistance of polymeric electrodes patterned using different composite solutions. "Electrode_A," "Electrode_B," "Electrode_C," and "Electrode_D" indicate the electrodes patterned using Solution_A, Solution_B, Solution_C, and Solution_D, respectively. The "Sensor" represents the sensor assembled using MWCNT bundles across the electrodes gap.
with MWCNTs assembled in the electrode gap (as shown in Fig. 5 ).
In Fig. 12 , note that the total resistance of the "Sensor" increases from ∼200 to ∼1000 kΩ, after exposure to ethanol. However, the resistance of "Electrode_D" only increases from ∼40 to ∼70 kΩ. This indicates that the effect of alcohol on a polymeric electrode is far less than its effect on the assembled MWCNTs in the electrode gap. Thus, the change in the resistance of a polymeric electrode can be ignored when compared to the change in the resistance of the sensor element (MWCNTs) when exposed to ethanol. Thus, we have demonstrated the capacity of the polymeric electrodes to fabricate an alcohol sensor by using MWCNTs as the sensing element.
V. CONCLUSION
A rapid technique that uses digitally controlled and optically projected patterns to quickly fabricate polymeric electrodes with different geometric shapes has been demonstrated. Utilizing this platform, PANI/MWCNT-based electrodes with different electric conductivities have been realized by adjusting the MWCNT concentration in the composite solution. The experimental results indicate that increasing the ratio of MWCNTs in solution will increase the conductivity of the resulting patterned polymeric electrodes. Both of the size and shape of the polymeric electrodes are defined by the projected light patterns, and the height of the electrodes is controlled by the light exposure time. In addition, a practical use of these polymeric electrodes is demonstrated by assembling an alcohol sensor. To demonstrate the usability of the polymeric electrodes, they are utilized to assemble MWCNT bundles via the DEP force. The MWCNT bundles are assembled across the gap between two polymeric electrodes and works as a sensing element for alcohol. The sensitivities of both the polymeric electrodes and the MWCNT sensor are analyzed by investigating the effect of alcohol exposure on their resistance. Experimental results reveal that when the sensor is exposed to ethanol, the resistance change in the polymeric electrodes is negligible compared with the resistance change in the MWCNT bundles. In conclusion, a practical and novel process for quickly fabricating polymeric microelectrodes is reported and assembly of microsensors is successfully demonstrated.
